We have proposed and fabricated a lateral GaN Schottky barrier diode (SBD) that increases the breakdown voltage and decreases the leakage current by the oxidation of a Ni/Au Schottky contact. After an oxidation, the anode current was increased under a high anode bias, whereas the turn-on voltage was slightly increased. The leakage current was considerably decreased to less than 1 nA after the oxidations of 5 and 10 min. A high breakdown voltage of 750 V was measured in the proposed GaN SBD when multiple floating metal rings (FMRs) were used for edge termination and oxidation was employed. We have also measured the reverse recovery waveforms at room temperature and 125 C and the fabricated GaN SBDs show very fast reverse recovery characteristics.
Introduction
Wide-band-gap materials, such as gallium nitride (GaN), silicon carbide (SiC) and diamond, are suitable for highvoltage power electronic application systems that could be operated in a harsh and high-temperature environment. GaN has superior ideal material properties compared with other materials such as silicon, gallium arsenide and SiC, so that GaN power devices have a large potential as a device for future high-power electronic systems.
1) The wide-band-gap properties and large breakdown field strength, over 3 MV/ cm, of GaN promise the high breakdown voltage and low leakage current of GaN power devices. 2) Recently, GaN Schottky barrier diodes (SBDs) have attracted considerable attention due to their good performance and potential as a power system element. Various lateral and vertical GaN SBDs have been reported and GaN SBDs have exhibited high breakdown voltages, low leakage currents and fast switching speeds. [3] [4] [5] [6] The high breakdown voltage and low on-resistance of GaN SBDs have been main issues and most studies have been focused on these characteristics. It has been reported that SBDs that are fabricated on the AlGaN/GaN heterostructure show a low forward voltage drop and a high breakdown voltage due to its two-dimensional electron gas (2DEG), which shows high value of electron mobility and carrier concentration. 6, 7) Several metals, such as Pt, Ir, and Pd, for the Schottky contact have been employed to improve the forward and reverse characteristics of the GaN SBDs, because the characteristics of SBDs are mainly determined by the Schottky metal and surface condition. 8) However, the metals that show good Schottky contact characteristics are very expensive elements, therefore, it is necessary to find methods that can improve the performance of a Schottky contact through some treatments with general metals, such as Ni. It has been reported that the characteristics of a Schottky contact can be improved after annealing under N 2 ambient. 9) To increase the breakdown voltage, edge termination methods should also be employed, such as a planar floating guarding ring by p+ implantation, a field plate and a floating metal ring (FMR). It has been reported that employing a FMR is a simple and a reliable method among several edge termination techniques because it does not require any additional fabrication process. 5, 7, 10) The purpose of our work is to report a lateral GaN Schottky barrier diode on the AlGaN/GaN heterostructure, which improves the reverse characteristics by the oxidation of a Ni/Au Schottky contact. The leakage current was decreased considerably and the breakdown voltage was increased after the oxidation of Ni/Au SBDs. We have also employed the multiple FMRs for edge termination in order to improve the reverse characteristics. It is well known that FMRs also effectively reduce the electric field concentration of a main Schottky junction due to the depletion layer expansion along the FMRs. 5, 7, 10) A large breakdown voltage of 750 V was measured when three FMRs were employed.
Experimental
We have used an AlGaN/GaN heterostructure epi wafer, which was grown on sapphire substrates by metal organic chemical vapor deposition (MOCVD). A 40-nm-thick AlN was grown on c-plane sapphire substrates as a nucleation layer, followed by a 3-mm-thick semi-insulating GaN layer. A 33-nm-thick undoped AlGaN layer was deposited and, lastly, a 5-nm-thick undoped GaN capping layer for a high breakdown voltage and a low leakage current was grown. A sheet charge concentration of 7:8 Â 10 12 /cm 2 and an electron mobility of 1530 cm 2 V À1 s À1 were obtained by Hall measurement. Prior to ohmic metal deposition after patterning, the samples were dipped in HCl : deionized water (DI) (1 : 1) solution for 1 min 30 s in order to remove native oxide and the ohmic metals were deposited in sequence by e-gun evaporation. We have used multiple metals (Ti/Al/Ni/Au = 20/80/20/100 nm) for the ohmic contacts and they were annealed at 850 C by RTA for 30 s under a flowing N 2 ambient. Schottky contact metals (Ni/ Au = 50/150 nm) were deposited by e-gun evaporation and were defined by a lift-off technique. We then oxidized the as-deposited Ni/Au samples at 500 C in the furnace under O 2 ambient for various times. A cross-sectional view of the fabricated SBD is shown in Fig. 1(a) . Figure 1(b) shows a schematic of the formation of NiO on the edge of the Schottky contact after the oxidation. The diameter of a circular Schottky contact is 300 mm and the distance between the Schottky contact and the ohmic contact is 100 mm. The width of a FMR is 20 mm and the distance from the main junction (R S ) is 5 mm.
Results and Discussion
We have fabricated the SBDs on the AlGaN/GaN heterostructure. When a forward bias is applied to the Schottky contact, the carriers that are injected from the Schottky contact flow to the ohmic contact through the 2DEG between the AlGaN layer and the semi-insulating GaN layer in which a large number of carriers are stored. Therefore, a very low on-state voltage and a high-current capability can be obtained from the SBDs using the AlGaN/ GaN heterostructure.
Forward current-voltage I-V characteristics of the fabricated GaN SBDs without FMRs before and after the oxidation are shown in Fig. 2 . The change in the forward characteristics after the oxidation of 1 min was negligible. However, after the oxidations of 5 and 10 min, the turn-on voltage was slightly increased from 1.1 to 1.3 V and the current capability at the high anode bias was increased considerably. The ideality factor was also improved from 1.9 to 1.5 after the oxidation of 10 min. The oxidation of a Ni/ Au contact has been employed in order to improve the ohmic contact resistance in the p-type GaN. 11, 12) The change in the forward characteristics may be due to the improved surface condition from the NiO formation and the reaction between Ni and GaN. The increase in the forward current after the oxidation can be caused by two reasons, which are the formation of NiO and the improved surface condition. To verify the change of the surface before and after the oxidation, we have measured the current between two ohmic pads and the variation of the ohmic contact resistance. As shown in Fig. 3 , the amount of current between two ohmic metal pads was also increased after 5 and 10 min oxidations, whereas the changes of the ohmic contact resistances were negligible. These results mean that the surface of an AlGaN/ GaN heterostructure has been improved after the oxidation and the number of carriers in the 2DEG was increased.
We have measured the leakage current of the SBDs that employs three FMRs before and after the oxidation at a high reverse bias of 200 V. After the oxidation, the leakage current of the proposed HEMT was decreased as shown in Fig. 4 . Note that the leakage current was considerably decreased to below 1 nA after 5 and 10 min oxidations when the three FMRs were employed. We have investigated the effect of the number of FMRs on the breakdown voltage of the proposed HEMT, which was oxidized for 10 min. The width of each FMR is 20 mm and the distance from the main junction (R S ) is 5 mm. As the number of FMRs is increased, the leakage current is decreased, as shown in Fig. 5 , due to the low electric field concentration under the main Schottky junction. The large reverse breakdown voltage of 750 V was measured when the three FMRs were employed.
We have measured the reverse recovery waveforms at room temperature and 125 C and the results are shown in Fig. 6 . Because we have measured the reverse recovery waveforms in the probe station without a package, the measured results exhibit ringing waveforms. The supply voltage (V DD ) was 10 V and the diodes were switched from a forward current of 100 A/cm 2 . The fabricated GaN SBD shows very fast reverse recovery characteristics even at the high temperature of 125 C. Note that the fabricated GaN SBDs show a very high breakdown voltage and a low onstate voltage in addition to the very fast reverse recovery characteristics of SBDs. This result indicates that a GaN SBD is a suitable device for applications that require a high breakdown voltage with a very fast switching capability.
Conclusions
We have proposed a lateral GaN Schottky barrier diode, which increases the breakdown voltage and decreases the leakage current by the oxidation of a Ni Schottky contact. After an oxidation of 10 min, the anode current was increased under a high anode bias while the turn-on voltage was slightly increased from 1.1 to 1.3 V. The leakage current was considerably decreased to below 1 nA after the oxidations of 5 and 10 min. When we employed three FMRs for edge termination, we measured a breakdown voltage of 750 V. We have also measured the reverse recovery waveforms at room temperature and 125 C. The fabricated GaN SBDs show very fast reverse recovery characteristics in addition to the very high breakdown voltage and low onstate voltage. These results indicate that a GaN SBD is a suitable device for applications that require a high breakdown voltage with a very fast switching capability. 
